. Awake negative pressure reflex response of the genioglossus in OSA patients and normal subjects.
PATIENTS WITH OBSTRUCTIVE sleep apnea (OSA) appear to have higher than normal basal genioglossus muscle activity during wakefulness (5, 17) . The higher activity is thought to be a compensatory mechanism that maintains upper airway patency despite unfavorable upper airway anatomy (21, 22) . Loss of muscle activity at sleep onset is thought to be a major factor in the development of airway closure in patients with OSA (18, 21) . The mechanisms mediating the higher upper airway muscle activity in OSA patients during wakefulness are unknown. The augmentation of genioglossus activity by negative upper airway pressure is one possible mechanism. Patients with OSA tend to have smaller upper airways (22) and higher upper airway resistances than normal subjects during wakefulness. The more negative upper airway pressures and higher tonic activity may explain the greater genioglossus activity in OSA patients (5) .
A reflex augmentation of genioglossal activity has been demonstrated in animals (16) and awake humans when negative pressure is applied suddenly to the upper airway (8) (9) (10) (11) 25) . Augmentation of activity can be demonstrated with a latency shorter than a voluntary response. A similar reflex augmentation has been demonstrated for the palatal muscles in humans during wakefulness (20, 26) . The increase in genioglossus activity by negative pressure is decreased by topical upper airway anesthesia (6, 9, 27) , suggesting that topical mechanoreceptors mediate at least part of the effect. The reflex is also decreased during stable sleep (10, 25) , although it may be intact at wake-sleep transitions (23) . Topical lidocaine also diminishes genioglossus activity during obstructive apneas, implying that augmentation of genioglossus activity by negative pressure still occurs during sleep but may require higher pressures (1) or combinations of stimuli (24) .
If negative upper airway pressure is one explanation for augmented genioglossus activity during wakefulness in OSA patients, then one would expect the negative pressure reflex to be intact. In contrast, a previous study comparing the reflex response of palatal muscles (levator palatini, palatoglossus) to sudden application of negative pressure with subjects in the seated posture found the response in OSA patients to be reduced compared with a group of normal subjects (20) . The genioglossus responses to negative pressure in normal subjects and OSA patients have not been compared.
Given the previous findings of augmented genioglossus activity in OSA compared with normal subjects, we hypothesized that the response of this muscle to neg-ative upper airway pressure during wakefulness should not be impaired. Because there is considerable variability in the activity of the genioglossus in both normal and OSA populations (6, 17) and the technical aspects of measuring this activity [posture (supine or seated) and instrumentation of the airway] can affect the results, we chose to combine data from two centers that used different experimental approaches. In one center (Long Beach), subjects were studied in the sitting posture with an intraoral surface electromyogram (EMG) electrode but without instrumentation of the upper airway. Two different suction pressures goals were studied (Ϫ10 and Ϫ20 cmH 2 O). In the second center (Boston), subjects were studied with intramuscular electrodes in the supine position. The upper airway was instrumented to detect the magnitude of upper airway pressure changes. By combining the findings obtained with the use of the two different methodologies, we hoped to minimize the possibility that the findings would be based on the methodological approach rather than the biological characteristics of the genioglossus in normal subjects vs. patients with OSA.
METHODS
The projects were approved by the Human Studies Subcommittee of the Long Beach Veterans Affairs Medical Center and the Human Subjects Committee of the Brigham and Women's Hospital. All subjects signed an informed consent before participating in the studies. The normal subjects were all determined to be nonsnoring by thorough history, and none gave a history of daytime sleepiness. A history was taken and physical examination was performed to exclude subjects with nasal deformity, nasal obstruction, and those on medications that might affect genioglossus activity (narcotics, serotonergic agents). All patients with OSA had an apnea ϩ hypopnea index Ͼ40/h (Long Beach) or Ն25/h (Boston) on a prior sleep study. None of the patients with OSA had undergone previous upper airway surgery. The patients with OSA were recruited from patients referred to the sleep laboratories of the Long Beach Veterans Affairs Medical Center or the Brigham and Women's Hospital. Premenopausal women (Boston site) were studied during the follicular phase of the menstrual cycle (between days 5 and 11, with day 1 being the first day of menses). At the Long Beach site, 6 of 11 patients were using continuous positive airway pressure (CPAP) at the time of the study. At the Boston site, all patients were reportedly on CPAP, although objective adherence information was not obtained at either site.
Long Beach study site. Negative pressure applications (NPAs) were applied without warning to a tightly fitting nasal CPAP mask (Contour, Respironics, Pittsburgh, PA) while the subjects were seated upright in a chair. This posture minimized any tendency for the upper airway to collapse. Subjects breathed only through the nose. Constant observation via a video camera allowed verification of wakefulness (eyes open) and breathing with the mouth closed during the entire procedure. Airflow was measured with a pneumotachograph inserted into the mask. The pneumotachograph was calibrated with a rotameter. Mask pressure was measured by connecting a port to a pressure transducer (Validyne, Northridge, CA) calibrated with a water manometer. Mask pressure, airflow, raw EMG, and integrated moving-time-average (MTA) EMG were all recorded by using a Grass model 78 D polygraph (Grass Instruments, Quincy, MA). Data were acquired (J6 output jack) by using an analog-to-digital board at a sampling rate of 1,000 samples/s. All measurements were made manually from the digitally acquired data by using a computer program (Windaq, Akron, OH).
The genioglossus EMG (EMGgg) was measured with an intraoral surface electrode mouthpiece with the use of the method of Doble et al. (3) and Horner and co-workers (7). The mouthpiece was constructed from flexible polypropylene sheets (Pressform, Ellman International, Hewlett, NY) pulled down under pressure over a stone model of each subject's lower teeth and anterior floor of the mouth. The stone model was fabricated from a dental impression. The mouthpiece fitted snugly over the teeth and the anterior floor of the mouth. Two wires (Tefloncoated stainless steel; 30 gauge) were sewn through the material, and a small area of the Teflon coat was stripped so that a bare portion of wire was in contact with the floor of the mouth on each side of the frenulum above that portion of the genioglossus muscle that attaches to the mandible. The two signals from the mouthpiece electrode and a ground electrode produced a bipolar recording. The raw EMG signal was then amplified, band-pass filtered between 50 and 1,000 Hz, rectified, and electronically integrated to obtain a MTA EMGgg by using an integrator (model MA821RSP, CWE, Ardmore, PA) with a time constant of 50 ms. To allow comparisons between different subjects, the EMGgg was scaled (%max) by using the maximum value during three voluntary maximal tongue protrusions as 100 with electrical 0 being assigned a value of 0 (17, 25) .
NPA. The method similar to that of Horner and co-workers (11) was used. The tight-fitting nasal mask was connected via T piece to a one-way expiratory valve and an inspiratory circuit that could be opened to either a negative pressure source or room air by a two balloon controller (Hans Rudolph, Kansas City, MO). NPAs were triggered by a computer circuit that monitored the flow signal. When armed, the computer circuit was triggered 150 ms after the onset of inspiration. At this time, the balloon controller deflated one balloon, which opened the circuit to a negative pressure source, and inflated the other balloon, which sealed the path to the atmosphere. The negative pressure source consisted of a negative pressure reservoir (50 liters) that was connected to a vacuum source. A threshold valve in the inspiratory line limited how negative pressure could become. Threshold pressure valves of 10 and 20 cmH 2O (Vital Signs, Totowa, NJ) were utilized with vacuum settings of Ϫ40 and Ϫ80 mmHg, respectively. At the end of the brief (200 ms) negative pressure pulse, the balloon leading to the negative pressure source was inflated and the balloon leading to the atmosphere was again deflated, which allowed the subject to breathe room air. At least 10 satisfactory applications of NPAs at each suction pressure level were obtained. A satisfactory NPA was defined as one in which the prestimulus EMG was stable and the mask pressure during the negative pressure pulse approximated a square wave. The Ϫ10-and Ϫ20-cmH2O NPAs were alternated randomly. The timing between NPAs was alternated so that subjects could not predict when a NPA would occur. The baseline value of the EMGgg (at the onset of the negative pressure pulse) and the maximum value of the EMGgg within 150 ms of the negative pressure pulse onset (before onset of voluntary changes), both expressed as %max (voluntary maximum); the change in EMGgg (maximum EMGgg within 150 s Ϫ baseline); and the percent change (%change; as change in EMGgg ϫ 100/ baseline) were computed. The plateaus of the negative mask pressure achieved during NPAs were also measured. The baseline EMGgg, maximum EMGgg, %change EMGgg, and mask pressure for the 10-and 20-cmH2O suction runs were determined for the normal and OSA groups. The means were compared by using a t-test or Mann-Whitney rank sum test depending on whether the data passed a normality test (Sigma Stat, SPSS, Chicago, IL). A value of P Ͻ 0.05 was considered statistically significant.
Boston site. Breathing was monitored with a nasal CPAP mask (Healthdyne Technologies, Marietta, GA) connected to a two-way valve partitioning inspiration and expiration. Inspiratory flow was determined with a pneumotachograph (Fleish, Lausanne, Switzerland) and differential pressure transducer (Validyne, Northridge, CA). This instrument was calibrated with a rotameter, and the inspiratory flow signal was integrated to produce tidal volume (model 7P10 integrator, Grass). Subjects were instructed to breathe exclusively through the nose and were carefully monitored by video camera to ensure that the mouth was completely closed. Wakefulness was carefully documented by using the video camera because subjects were required to maintain their eyes wide open throughout the study. Any data collected during episodes of drowsiness (eyes closing) were discarded.
The EMGgg was recorded by using two stainless steel, Teflon-coated, 30-gauge wire electrodes. Each was inserted 15-20 mm into the body of the genioglossal muscle by using a 25-gauge needle, which was quickly removed, leaving the wire in place. The two electrodes were inserted on opposite sides of the muscle, each just lateral to the frenulum and close to the genioglossal insertion onto the mandible as previously described (17, 26) . Each electrode was referenced to a common ground (placed on the forehead) to yield a bipolar recording. The raw EMG was amplified, band-pass filtered (between 30 and 1,000 Hz), rectified, and electronically integrated on a MTA basis with a time constant of 100 ms (CWE). The EMGgg was quantified as a percentage of the maximal signal for the muscle established during three maneuvers: swallowing, maximal negative inspiratory force against an occluded airway, and maximal tongue protrusion against the front teeth (17, 18). The highest single EMG value was considered to be 100%, and electrical 0 was defined as 0% activity.
Pressures were monitored in the nasal mask and in the airway at the level of the choanae and epiglottis. One nostril was decongested (oxymetazalone HCl) and anesthetized (lidocaine HCl), and two pressure-tipped catheters (model MPC-500, Millar, Houston, TX) were inserted through this nostril to determine choanal and epiglottic pressures. One was located at the choanae by advancing it through the nostril until it impacted the posterior nasopharyngeal wall. It was then extracted 0.5 cm and taped to the nose to ensure stability. The second catheter tip was located at the level of the epiglottis by visual inspection through the mouth. It also was taped to the nose. Mask pressure (just external to the nares) was determined with a differential transducer (Validyne) referenced to the atmosphere. All of the three pressure signals were calibrated simultaneously in a rigid cylinder before insertion by using a standard water manometer. These three signals, plus flow, were demonstrated to be without amplitude or phase lags up to 50 Hz.
Negative airway pressure stimuli were generated by using a partially evacuated 50-liter canister and a solenoid valve, as described previously (10, 14) . The canister was pressurized to between Ϫ60 and Ϫ80 cmH2O, and negative pressure could be quickly applied to the upper airway at a predetermined point in early inspiration by triggering the solenoid valve at a preset inspiratory flow threshold. Each NPA had a rapid onset and offset.
The EMGgg was quantified during early inspiration before the pulse (prestimulus), and the maximum EMGgg was observed within 150 ms after the onset of the stimulus. This time window was chosen to avoid any behavioral influences on muscle activity, as has previously been shown (9, 11) . Each NPA generated Ϫ8-to Ϫ14-cmH2O pressure at the choanae, with a goal of Ϫ10 to Ϫ12 cmH2O.
Each subject reported to the laboratory during the day, having been without food intake for at least 4 h. After we obtained the subject's informed consent, the pressure catheters, EMG wires, and nasal CPAP mask were attached, and the subject lay in the supine posture. The subject was initially monitored during tidal breathing for ϳ15 min and then during repeated trials of NPA until ϳ40 NPAs had been collected.
All
During NPA, all signals were digitized at 1,000 Hz, and signal averaging was performed with the waveform centered around the start of the NPA as detected on the choanal pressure signal. The onset of negative pressure at the choanae was considered time 0. The peak EMGgg response was determined from the signal-averaged waveform of many breaths. The EMGgg was quantified during early inspiration at the onset of the pulse (time 0), and the maximum EMGgg observed was within 150 ms after the onset of the stimulus. This time window was chosen to avoid any behavioral influences on muscle activity, as has previously been shown (9, 11) . This increase in EMGgg was determined (within each condition in each subject) in several ways: 1) as the peak EMGgg value obtained (in % of maximum units), 2) as the change in EMG from time 0 to the peak value within 150 ms (in % of maximum units), and 3) as the %change from baseline (time 0). The %change was calculated by using the following formula: [(peak EMGgg Ϫ baseline EMGgg)/baseline EMGgg ] ϫ 100 (25, 27) .
All statistical analyses were performed with commercially available software (STATVIEW V.4.5, Abacus Concepts). For variables that were normally distributed, comparisons between the controls and the patients with apnea were performed by using the Student's paired t-test. For those variables where the data were not normally distributed, the Mann-Whitney rank sum test was used. For all analyses, ␣ was set at 0.05.
RESULTS
The demographics of the subjects at the Long Beach site are shown in Table 1 . Subjects with OSA were heavier, as evidenced by a higher body mass index (BMI). However, the populations were age matched by design. A sample tracing of the response of the EMGgg to Ϫ20 cmH 2 O is shown in Fig. 1. In Fig. 2 , a longer time duration with baseline breathing is shown. The change and %change in the EMGgg were significantly greater in the OSA patients at Ϫ10-cmH 2 O suction (Table 2) . However, neither the change nor the %change in the EMGgg at Ϫ20 cmH 2 O differed between normal subjects and patients with OSA. The mean values of the %change in the EMGgg for each individual subject are shown in Fig. 3 . The actual mask pressures at Ϫ10-and Ϫ20-cmH 2 O suction were close to the target pressures and did not differ between normal subjects and OSA patients ( Table 2) .
At the Boston site, 14 age-matched subjects were studied in each group (Table 3 ). The %change in the EMGgg was significantly higher in the OSA patients ( Table 4 ). The change was also higher in the OSA patients but did not reach statistical significance. The individual mean values for the %change in the EMGgg are shown in Fig. 4 . The actual mean choanal and epiglottic pressures were not statistically different between the groups. The epiglottic pressure was slightly more negative in the normal group, although the mask suction pressure was slightly more negative in the OSA group, suggesting greater collapse in the apnea patients.
DISCUSSION
In this study, we compared the response of the genioglossus to brief NPAs in age-matched groups of normal subjects and patients with OSA during wakefulness by using different methodologies at two study sites. Our results strongly suggest that the response of the genioglossus to negative pressure is not impaired in patients with OSA.
In fact, at a negative pressure of ϳ10 cmH 2 O, the patients with apnea showed a greater response. Although the application of sudden and brief negative pressure is certainly different from the normal generation of negative pressure during tidal breathing, finding an intact response is consistent with a role for negative pressure in mediating augmented genioglossus activity in patients with OSA (6) .
Mechanoreceptors at multiple sites in the upper airway, including the nasopharynx and larynx, appear to contribute to the negative reflex (8, 9, 11) . In comparing the activity of the OSA patients and normal subjects, one must ask whether 1) equivalent areas were stimulated and 2) the amounts of negative pressure at those receptors were similar. Studies have shown that awake OSA patients in the supine posture have more collapsible airways than normal controls (14) . For a given amount of negative mask pressure, the epiglottic pressure will therefore be less negative in OSA pa- tients compared with normal subjects. This would tend to diminish the reflex response to a given amount of negative mask pressure (14) . To minimize this possibility, subjects were studied in the sitting position at the Long Beach site. However, greater collapse in the OSA patients, especially at the higher suction pressure, could have yielded a lower laryngeal pressure stimulus for a given mask pressure. This could explain why we found a greater difference in the responses between normal controls and OSA patients only at the lower suction pressure. At the Boston site, at which subjects were studied supine, the amount of pressure was measured at the choanal and epiglottic regions. The amount of negative pressures at these upper airway locations in the OSA patients were slightly but not significantly less negative than in normal subjects. If anything, a slightly less negative pressure should reduce the response. Because the response of OSA patients was actually higher, it is unlikely that a slightly lower epiglottic pressure affected our conclusions. That is, diminished negative laryngeal pressure in OSA patients would bias toward the null hypothesis.
At the Long Beach site, the genioglossus response to negative pressure was studied at both a low-and highpressure range of ϳ10 and ϳ20 cmH 2 O, respectively. At the higher suction pressure range, the response of patients with OSA was slightly but not significantly higher than that of normal subjects. We speculate that one explanation for the finding of a significant difference only at the lower pressure is that patients with OSA may have more upper airway collapse at the higher suction pressure. Thus less pressure would have been transmitted to the laryngeal mechanoreceptors in OSA patients compared with controls. However, because epiglottic pressure was not measured, this assertion cannot be proven. It is also possible that, at the higher stimulus range, the genioglossus response is really not different i.e., a true "ceiling effect." Of note, the finding still suggests that the response is not impaired in OSA patients.
As shown in Figs. 3 and 4 , there was a greater range of responses in OSA patients than normal controls. The reason that only some OSA patients showed a larger genioglossus response to negative pressure than normal controls is not clear. In addition, our groups were age but not weight matched. It is possible that obesity itself by predisposing to a smaller awake upper airway could be associated with an augmented genioglossus response. We did not attempt to weight match our Values are means Ϯ SE; n, no. of subjects. 12.7 Ϯ 0.9 13.5 Ϯ 0.7 NS Pchoanae, cmH2O 11.2 Ϯ 0.9 11.4 Ϯ 0.6 NS Pepiglottic, cmH2O 8.1 Ϯ 0.5 6.9 Ϯ 0.6 NS Values are means Ϯ SEM; n, no. of subjects. Pmask, pressure at mask; Pchoanae, pressure at choanae; Pepiglottic, pressure at epiglottic location. Pressures are negative with respect to atmospheric pressure maximum.
groups because of the difficulty in finding a group of heavy individuals without OSA. However, we did perform a subgroup analysis. We selected the seven normal subjects from each site with the highest BMI (14 total) and compared them with a group composed of the seven OSA patients from each site with the lowest BMI. The BMI in the OSA group was only slightly larger (OSA: 32.2 Ϯ 1.2 kg/m 2 vs. normal: 28.9 Ϯ 1.1 kg/m 2 ; P Ͻ 0.05), but the %change in the GG (using the lower suction pressure at Long Beach) was more than twice as large in the OSA group [103.1 Ϯ 23.2 vs. 50.5 Ϯ 8.3% (SE); P ϭ Ͻ 0.01]. Thus, even when the groups were more closely matched for weight, there was still evidence for a higher response in the OSA patients. However, we accept that obesity is a potential confounding variable. We can only speculate on possible mechanisms for an augmented response of the genioglossus to negative pressure in the OSA patients. One possibility is that more negative pressures (higher upper airway resistance) during tidal breathing might augment the response in patients with OSA. We did not measure epiglottic pressure during tidal breathing in our patients. However, a recent study comparing a group of normal subjects and OSA patients found the epiglottic pressure during tidal breathing to be about two times more negative in OSA patients (5) . Another possibility is neuronal plasticity in the brain stem from chronically high upper airway resistance (negative pharyngeal pressures) during wakefulness and sleep. However, future studies in this area will be needed to clarify this issue.
Previous studies have suggested that the resting genioglossus activity is higher in patients with OSA than normal controls (5, 17) . In our study, the baseline (prestimulus) EMG activity at both sites was slightly but not significantly higher in OSA patients. However, this value was measured in early inspiration and not at the peak of inspiratory activity. The goal of the present study was to compare the upper airway reflexes of OSA patients and controls rather than to reconfirm previous observations during basal breathing.
Our results for the genioglossus differ from a previous study of the negative pressure reflex in palatal muscles (levator palatini, palatoglossus) that reported an impaired response in OSA patients compared with normal subjects (20) . The palatal muscle response in that study could differ because of 1) differences in experimental technique, 2) differences in the central control of the reflex response between palatal and genioglossal muscles, or 3) differential effects of OSA or years of heavy snoring on the control or physiology of genioglossus and palatal muscles. There were clearly technical differences, because, in the study of palatal muscles, subjects were studied in the erect sitting posture, NPA occurred at end expiration, and the negative pressure ranged from Ϫ2.5 to Ϫ12.5 cmH 2 O. Upper airway size is smallest at end expiration (22) (more collapsible); therefore, it is possible that less pressure was transmitted to the entire group of mechanoreceptors than would have occurred if the negative pressure was applied during inspiration. In terms of central control, to our knowledge, there is no information about differences in central modulation of the negative pressure reflex between palatal muscles and the genioglossus. There is evidence that OSA can cause changes in upper airway sensation (2-point discrimination, vibration, temperature) in the palatal or tonsillar areas (7, 12, 13) and produce pathological damage to both palatal muscles and the genioglossus (2, 4, 28) . However, there is no evidence to date that these changes preferentially impair the palatal muscle response to negative pressure compared with the geniolgossus. Histological changes also do not necessarily mean function is impaired. For example, one study found that tongue protrusion strength and fatigability did not differ in vivo between normal controls and OSA patients (19) . In summary, because our study did not directly compare the response of genioglossus and palatal muscles with the use of identical experimental techniques in the same patient groups, we can only speculate that OSA might affect the response of palatal muscles to negative pressure differently from the genioglossus.
A number of technical issues with respect to our methods require discussion. The use of nasal CPAP could have affected the response of our OSA patients to negative pressure. CPAP use did increase the response of palatal muscles to negative pressure in a previous report (20) . At the Boston site, all the OSA patients studied were offered CPAP, but the adherence with this treatment was not objectively documented. At the Long Beach site, 6 of the 11 OSA subjects were reportedly using CPAP. Their adherence was also not objectively measured. However, the %change in the EMG at a suction pressure of Ϫ10 cmH 2 O was 77.7 Ϯ 11.5% (SE) in the CPAP users and 72.2 Ϯ 13.5% in the non-CPAP users. The response in both groups was greater than that of the normal subjects. The power of such a small sample size to exclude an effect of CPAP use on the genioglossus response is low. Thus it is beyond the scope of this study to make any conclusions about CPAP use on the genioglossus response to negative pressure. Further studies are required to address this issue. However, we do not believe studying a group of patients of both CPAP users and nonusers altered our conclusions.
We did not record EEG during the study. The awake state was documented at both sites by continuous video monitoring of the face (eye closure and head nodding). However, we cannot eliminate the possibility that some episodes of microsleeps did occur in our OSA patients. However, sleep has been shown to decrease the response of the genioglossus to negative pressure (10, 25) . Thus microsleeps could have reduced the OSA responses. Because the responses were equal or higher than those observed in normal controls, microsleeps would not affect our conclusion that the genioglossus response is not impaired and may be augmented in OSA patients.
Some technical differences between the study sites also warrant discussion. At the Boston site, intramuscular electrodes were utilized, whereas, at Long Beach, the EMGgg was measured with an intraoral electrode. To our knowledge, there have been no comparisons between techniques on the response of the EMGgg to negative pressure. At the Boston site, subjects were studied supine, whereas the sitting posture was utilized in Long Beach. There are only preliminary data regarding the effect of posture on the response of the genioglossus to negative pressure pulses. Comparison of genioglossal responses to negative pressure pulses in normal subjects during non-rapid eye movement sleep revealed a higher response in the supine than lateral decubitus position (15) . Because the normal controls were older and heavier in Long Beach than in Boston, some could have had mild asymptomatic OSA. We did not perform sleep studies in our normal subjects, although none gave a history of snoring or bedmateobserved apnea. Undiagnosed sleep apnea among the normal subjects would again minimize any observed differences between normal subjects and patients with apnea.
In summary, using two different methodologies, we have demonstrated that the awake response of the genioglossus to negative airway pressure in OSA patients is not impaired compared with age-matched groups of normal controls. Indeed, the response to relatively low amounts of negative pressure in both the supine and sitting postures appears to be enhanced in OSA patients compared with age-matched controls. The mechanisms mediating the augmentation in OSA patients remain to be determined.
